Background: Malaria is a leading cause of morbidity and mortality, with approximately 225 million clinical episodes and >1.2 million deaths annually attributed to malaria. Development of a highly efficacious malaria vaccine will offer unparalleled possibilities for disease prevention and remains a key priority for long-term malaria control and elimination.
Background
Malaria caused by Plasmodium spp. is a leading cause of morbidity and mortality, with approximately 225 million clinical episodes and >1.2 million deaths annually attributed to this parasitic disease [1, 2] . The Malaria Vaccine Technology Roadmap states that the first landmark goal, to be achieved by 2015, is to 'develop and license a firstgeneration malaria vaccine that has protective efficacy of more than 50% against severe disease and death and last longer than 1 year' [3] . To date, malaria vaccine candidates have only been shown to be partially efficacious.
The most advanced candidate, RTS,S, is a Plasmodium falciparum pre-erythrocytic vaccine currently undergoing phase III trials that has only shown moderate to modest efficacy. The preliminary vaccine efficacy (VE) estimates of RTS,S for the first 6,000 infants and young children (aged 5 to 17 months) for 12 months of followup were 56% (95% CI 51 to 60) for clinical malaria and 47% (95% CI 22 to 64) for severe malaria due to P. falciparum [4] . However, RTS,S VE was recently reported to be lower in younger infants (aged 6 to 12 weeks); 31% (95% CI 24 to 38) for clinical malaria and 37% (95% CI 5 to 58) for severe malaria for the same length of followup [5] . Some other vaccines, targeted at the P. falciparum blood stage, have shown limited to no protective efficacy in placebo-controlled trials [6, 7] , but have demonstrated partial vaccine efficacy that is allele specific (that is, the vaccine protects against infection or disease due to vaccine-like alleles, but not other alleles) when a smaller number of allele-specific endpoints were analyzed. In a trial of 400 children (aged 1 to 6 years), the blood-stage vaccine FMP2.1/AS02(A), a recombinant protein based on P. falciparum apical membrane antigen 1 (AMA1; 3D7 allele), showed no significant VE when all clinical episodes were considered (17%, 95%CI −9 to 37), but demonstrated an allele-specific VE of 64% (95% CI 14 to 92) against clinical malaria [6] . Another bloodstage vaccine, Combination B, comprising recombinant P. falciparum ring-infected erythrocyte surface antigen and 2 merozoite surface proteins (MSP1 and MSP2), demonstrated a VE of 62% (95% CI 13 to 84) against parasitemia, but no significant VE against all symptomatic malaria episodes in a trial of 120 children aged 5 to 9 years [7] . Similarly, in this trial there was evidence of allele-specific immunity targeting MSP2, with vaccinees having some protection against infections with vaccinelike MSP2 alleles, but not against non-vaccine alleles [7] . Ongoing development of AMA1 and MSP2 is now focused on overcoming the allele-specific nature of protection to provide broad coverage against different alleles [8, 9] .
Given the results from malaria vaccine trials to date, it is likely that a first-generation malaria vaccine will be partially efficacious and restricted to protection against P. falciparum malaria only, so second-generation vaccines will be needed in the future. However, licensure of a partially efficacious vaccine creates a number of challenges in the development and testing of second-generation vaccines. In this opinion piece, we discuss the methodological issues and feasibility of second-generation vaccine trials in the advent of the licensure of a partially efficacious malaria vaccine.
Discussion

Testing a second-generation malaria vaccine in clinical trials
A second-generation malaria vaccine may seek to improve on a first-generation vaccine by being more efficacious, having longer duration, including additional Plasmodium spp. or having more favorable logistics compared to the previous generation vaccine. New malaria vaccines may target single, or multiple stages of the P. falciparum lifecycle (pre-erythrocytic, blood and/or sexual stage), or another species such as P. vivax, and each target may have multiple allelic variants to consider for inclusion in a new malaria vaccine. These potential targets may be included in standalone vaccines (for example, a more efficacious vaccine targeting the same lifecycle stage, those targeting other lifecycle stages or other Plasmodium spp.) or be added to the firstgeneration vaccine in combination to address the various gaps in the lifecycle, for example, pre-erythrocytic + gametocyte antigen (to enhance transmission blocking activity), pre-erythrocytic + blood-stage antigen (to enhance protection against clinical illness, for example, merozoite antigens). Alternatively, the VE of the new malaria vaccine may be similar to the VE of the firstgeneration vaccine but it may be more attractive because it is cheaper to make, easier to administer (for example, skin patch, oral), more stable (for example, does not require cold storage) or have a more favorable immunization regimen.
Licensure of the first malaria vaccine creates ethical challenges for performing placebo-controlled trials for the evaluation of second-generation vaccines; placebocontrolled trials are typically only acceptable if no standard treatment exists. A placebo-controlled trial may be justified in specific circumstances, such as where a second-generation malaria vaccine has a different objective (for example, elimination vs morbidity reduction) or will be administered to a different target population (for example, adults, pregnant women). However, performing placebo-controlled trials is likely to be considered unethical in groups included within the first-generation vaccine licensed indications, particularly if the malaria vaccine is adopted as a national policy. It is most likely, then, that second-generation vaccines will have to be assessed relative to a first-generation malaria vaccine (as an active control) in the context of superiority, noninferiority and equivalence trials, whereby the VE of a new malaria vaccine will be determined to be better than or just as good as the first-generation vaccine. The feasibility of such trials is currently unclear and there are concerns in the malaria community that the sample sizes required for these trials would be very large and potentially unfeasible or difficult to fund [10] . This has certainly been the case for other vaccines in the past, such as those against Streptococcus pneumoniae or Neisseria meningitides, where the barriers of sample size have been so great that second-generation vaccines have been licensed on the basis of an accepted immunologic outcome [10] . However, comparing new malaria vaccines to current vaccine candidates using analysis of immune responses only is currently not possible because we do not know the definitive mechanisms by which current vaccine candidates protect against malaria [11] , and there is no widely accepted immune correlate of protection. For the most advanced candidate, RTS,S, while there is evidence that high titers of circumsporozoite antibodies are predictive of protection [12] , it is not clear whether antibody titers can be reliably used as a strong correlate of protection in vaccine development and evaluation. Additionally, we do not know the functional mechanisms (complement, antibody-dependent cell cytotoxicity, neutralization or phagocytosis) by which antibodies confer protection [13] . T cells are also thought to be an important mechanism [14] , but correlations between T cells and protection against clinical outcomes in RTS,S trials have been inconsistent in published studies [13] . Furthermore, the immunological mechanisms of a new malaria vaccine (especially one targeting other lifecycle stages and species) are likely to be different to a firstgeneration vaccine. Alarmingly, there are currently no established validated immunological correlates of protection against malaria for any antigen [11] .
Defining immunological correlates of protection against malaria is particularly imperative in the context of potential combination vaccines. Such vaccines, that combine antigens from two or more different vaccines, are often submitted for licensure on the basis of noninferiority trials that demonstrate safety and immunogenicity profiles similar to component vaccines administered separately [15] . Combination vaccines are often proposed as a future solution that may help overcome the many ethical and regulatory issues in developing second-generation vaccines: a new antigen could be included in combination with the antigen(s) in the licensed vaccine (for example, RTS,S plus antigens). However, not knowing the immunological correlates of protection from malaria means that the assessment of secondgeneration malaria vaccines cannot rely on analysis of immune responses induced by the vaccine, but will most likely have to progress to superiority, non-inferiority or equivalence field trials where they will be compared to first-generation vaccine. Given the complexities, logistics and costs of performing field trials in malaria endemic areas, it is essential to identify immunological correlates and assays to enable the malaria community to carefully select and prioritize new malaria vaccines for testing in future large clinical field trials. Additional avenues should also be explored to help evaluate new vaccines prior to embarking on large and costly clinical trials. For example, testing candidate vaccines in the human challenge model (in which volunteers are experimentally infected with Plasmodium) may be valuable in prioritizing or refining vaccines prior to conducting large field trials.
Superiority, non-inferiority and equivalence field trials of second-generation malaria vaccines
The choice of superiority, non-inferiority or equivalence trial depends on the objective of the new malaria vaccine. A superiority trial would be suitable if the desire was to replace the first-generation vaccine with a more efficacious vaccine, and the aim would be to demonstrate that the new malaria vaccine was better by a predefined clinically accepted margin (Δ) (Figure 1 ). This is the same principle as a placebo-controlled trial, except the placebo is replaced with an active control. Conversely, if a new malaria vaccine was predicted to have a similar VE to the first-generation vaccine but had longer duration, was cheaper, had favorable logistics or contained additional lifecycle stages or antigens, these would provide the rationale for a non-inferiority or equivalence trial. The objective of non-inferiority and equivalence trials is to determine whether the effects of the new malaria vaccine stay within or go beyond a predefined clinically acceptable margin (Δ) relative to the standard licensed vaccine (Figure 1 ). After clinical trials, the new malaria vaccine may be recommended if it has a VE that is similar, but not inferior, to the first-generation vaccine. The choice of non-inferiority or equivalence trial will depend on the scientific question being asked. The hypothesis being tested in a non-inferiority trial is that the secondgeneration vaccine is as good as, or better than, the first-generation vaccine. Non-inferiority trials are used to show that a minimum level of efficacy has been achieved by the new vaccine. This trial would therefore be favorable for vaccines that seek to advance firstgeneration vaccines by being more efficacious or have longer duration. In an equivalence trial, the hypothesis being tested is that the second-generation vaccine cannot be worse than or better than the first-generation vaccine. Equivalence trials would be used to demonstrate that a new vaccine is clinically equivalent to a current vaccine in its efficacy, and they are used in the registration and approval of vaccines that have been shown to be bioequivalent.
Defining an appropriate margin of superiority, noninferiority or equivalence to a vaccine with limited efficacy (for example, 50%) [3] is complex, both in the context of trials conducted solely for licensing purposes and for trials investigating the VE of new antigens. Careful consideration is required to define how much better the new malaria vaccine needs to be or how much lower efficacy is acceptable. If the long-term strategic goal of the Malaria Vaccine Roadmap is realized (a more efficacious second-generation vaccine with >80% VE) [3] then wide margins will be selected for determining the sample size calculation of a superiority trial (that is, >30% margin assuming VE of the first-generation vaccine is 50% [3] ). But by specifying margins that are too wide (and thus conducting trials with small sample sizes) we run the risk of classifying a new malaria vaccine, with potential clinically significant benefits (for example, VE 20 percentage points higher than first-generation vaccine), as non-superior to the first-generation vaccine. This may particularly be the case for new antigens that may show some degree of VE that can be improved upon. Conversely, by being more conservative and specifying margins that are too narrow, the new malaria vaccine may be statistically significantly better than the licensed malaria vaccine, but the magnitude of the effect may be of limited benefit at the clinical and public health level.
Similar issues arise in choosing margins for noninferiority and equivalence trials; by specifying margins that are too wide we run the risk of classifying inferior malaria vaccines as non-inferior/equivalent to firstgeneration vaccine, whereas by specifying margins that are too narrow we run the risk of potentially rejecting a new malaria vaccine that may provide some clinical and other benefits. Clinically acceptable margins in noninferiority and equivalence trials of antimalarial drugs have typically ranged from 5% to 10%, but the efficacy of antimalarial treatment regimens are typically >90% [17] [18] [19] [20] [21] [22] [23] . The landmark goal of the current Malaria Vaccine Technology Roadmap is a vaccine with 50% efficacy, and the VE of the most advanced candidate RTS,S is around this level [3, 4] . If we assume a VE of 50%, then a 5% to 10% absolute margin in a non-inferiority/equivalence trial would mean that the new malaria vaccine would need to have a VE of at least 40% to 45% to be considered equivalent. This raises the question of whether the malaria community would be satisfied with a second-generation malaria vaccine with efficacy of 40%? Additionally, would a 40% efficacy in the incidence of symptomatic malaria, or other relevant endpoints, be considered as clinically non-inferior/equivalent? Even if the limit is set to 45% for the new vaccine, the new malaria vaccine would be considered non-inferior/equivalent to the first-generation vaccine, despite there potentially being up to 5,000 more episodes of malaria following vaccination of 100,000 individuals, with subsequent exposure to malaria, with the second-generation malaria vaccine compared to the first-generation vaccine. While a consensus may be reached on a clinically relevant margin, should the choice of margin be influenced by the cost of the second-generation vaccine and would a wider margin of non-inferiority/equivalence be more acceptable if the second-generation vaccine is considerably cheaper and easier to deploy? The level of compromise between cost and clinical/logistical relevance in choice of margin is yet to be determined, but is particularly pertinent given that a malaria vaccine will be most beneficial in some of the world's most resourcepoor communities.
The choice of margin has important implications for the size of clinical trials; the narrower the margins, the larger the sample size required to have adequate statistical power or ability to reliably detect small clinically Figure 1 Defining superiority, equivalence and non-inferiority in clinical trials of second-generation malaria vaccines. Summary of the possible trial types, outcomes and considerations when testing second-generation malaria vaccines compared to a partially efficacious firstgeneration licensed vaccine. Error bars correspond to possible trial outcomes and indicate two-sided 95% confidence intervals (CI). Δ (the superiority margin (+Δ), non-inferiority margin (−Δ) and equivalence margin (−Δ to +Δ) can be defined by an absolute or a relative difference in actual malaria outcomes. Interpretation of trials depends on where the CI for the true difference in outcome falls relative to Δ and the null effect (0). For superiority trials, to conclude superiority, the trial effect may be bigger or smaller than Δ but the 95% CI must be above 0 (scenarios A and B). For equivalence trials, equivalence requires the CI to lie wholly within a bidirectional symmetrical equivalence margin (−Δ and Δ, scenarios C and D). If the effect estimates lie outside the bidirectional symmetrical equivalence margins, the second-generation malaria vaccine is either better or worse than the first-generation vaccine [16] . In a non-inferiority trial, the prime interest is determining whether the new malaria vaccine is no worse than the non-inferiority margin (−Δ) which, if exceeded, defines the new treatment as being inferior to RTS,S. For non-inferiority trials, if the CI lies completely to the right of the prespecified margin (−Δ) a conclusion of non-inferiority of the second-generation malaria vaccine is reached (scenarios E and F). If the CI includes -Δ it is concluded that the new malaria vaccine is inferior to the first-generation malaria vaccine.
important differences between the first and secondgeneration malaria vaccines. A modest VE of a firstgeneration malaria vaccine will act favorably on superiority trial sample sizes of highly efficacious second-generation vaccines with large margins. However, in the case of less efficacious vaccines assessed in superiority, non-inferiority and equivalence trials narrow margins will have to be specified, which will have a profound impact on sample size. This is a major concern: will unfeasibly large sample sizes be a major obstacle in clinical testing of potential secondgeneration malaria vaccines?
Are trials of second-generation malaria vaccines feasible?
Sample size requirements of superiority, non-inferiority and equivalence trials will vary according to the assumed true difference between the second and first-generation malaria vaccine, the maximally tolerated difference required to reach a conclusion of superiority/non-inferiority/equivalence (Δ) and incidence of the malaria outcome [24] . Taking RTS,S as an example, and assuming a modest true VE of 30% or 50% [4, 5] , Figure 2 shows the range of sample sizes for differences in incidence risk of malaria between a new malaria vaccine and first-generation vaccine (for example, RTS,S) for superiority, non-inferiority and equivalence trials. The margin represents the absolute difference between the two vaccines; for non-inferiority and equivalence trials it is common practice to state a priori an 'absolute risk difference margin' and base resulting sample size calculations on this absolute difference [25] . The figure shows that as the maximum acceptable clinical difference decreases the required sample size to determine superiority/non-inferiority/equivalence increases (Figure 2 ). The level of malaria transmission in a population has an impact on sample size, but counter intuitively, sample sizes will increase for a given absolute margin (Δ) when incidence risk of malaria (transmission) approaches 50% in active controlled trials (Figure 2) . For example, a 5% margin and a baseline risk of 30% or 50%, gives sample size estimates for superiority trials of 3,678 and 4,182, for non-inferiority trials 2,878 and 3,426, and for equivalence trials 4,368 and 5,198, respectively.
The interpretation of the clinical significance of the absolute margin may vary according to the baseline risk Figure 2 Sample size estimates for superiority, non-inferiority and equivalence trials of second-generation malaria vaccines, according to different incidence risk of malaria in the first-generation vaccine group. The figures show the estimated sample size required to detect a range of differences in the efficacy (margin %) between a second and first-generation malaria vaccine. The margin represents the absolute difference in the efficacy between the two vaccines for active-controlled trials; the relative difference for each value of absolute risk difference will therefore be greater for areas with a lower transmission (for example, absolute risk difference of 10% units equates to a relative risk of 0.67 and 0.80 when the baseline risk is 30% and 50%, respectively). The different incidence risks of malaria (proportion of individuals with malaria outcome during follow-up) in the first-generation vaccine groups corresponds to the approximate baseline risk observed in RTS,S phase II and III trials (that is, 30% and 50%) [4, 5] . Sample sizes are calculated with 90% power at the 5% significance level by the authors using STATA (StataCorp; College Station, TX, USA). Note, as the incidence risk approaches 0.5, the standard error gets marginally larger; this explains why the sample size for the same absolute risk difference is bigger for a baseline risk of 50% compared with 30% (for example, total sample size required for a superiority trial with risk difference of 10% units is 778 and 1,030 for a baseline risk of 30% and 50%, respectively). of malaria (transmission), whereby the relative difference for each value of absolute risk difference will increase for lower transmission areas (for example, absolute risk difference of 10% units equates to a relative risk of 0.67 and 0.80 when the baseline risk is 30% and 50%, respectively). The baseline risk of malaria will vary across study sites influencing the sample size and the clinical interpretation of the difference between the two vaccines. Logically, trials will most likely be in higher transmission areas, where vaccines will have the biggest clinical impact, but differences in the underlying risk may also be influenced by the degree of pre-existing immunity, or the prevalence of the allele included in the new malaria vaccine in the parasite population. A pressing topical issue for consideration, even in the context of placebocontrolled superiority trials, is declining malaria transmission, particularly in sites that have the capacity to perform randomized controlled trials [26] . This will impact on the feasibility of conducting trials and the type of trials performed. Failing to take into consideration other factors that contribute to malaria risk has significant implications such that trials may be underpowered and incorrect conclusions about the VE of the secondgeneration malaria vaccine may be reached.
There is an expectation that second-generation malaria vaccines with substantially greater efficacy than first-generation vaccines will ultimately be developed. These more efficacious vaccines would be tested in a superiority trial versus the first-generation vaccine. Using parameters from the RTS,S clinical trials, if we assume a VE of up to 50% for the first-generation vaccine and a VE of 80% for the new vaccine [3] (that is, a 30% margin) then a sample size of just 96 would be required to demonstrate superiority ( Figure 2B ). If the superiority margin for a new vaccine was set at least 10% higher than the licensed vaccine, which is probably the minimum level that would be considered acceptable by the community, then the required sample size would be 1,030. These estimates suggest that testing more efficacious new vaccines in superiority trials, including placebo-controlled trials of new malaria vaccines, would be highly feasible since many clinical trials of this size have been performed in malaria-endemic countries.
For non-inferiority and equivalence trials the situation is very different. For non-inferiority trials that are powered to detect a difference of 3%, 5% or 10% in malaria risk between the new vaccine and existing vaccine (for example, RTS,S), 9,516, 3,462 and 1,058 participants, respectively, would be needed ( Figure 2B ). For equivalence trials, sample size estimates are higher with a requirement for 14,440, 5,198 and 1,300 participants, respectively ( Figure 2D ). These estimates indicate that performing non-inferiority and equivalence trials would require a much greater investment of resources, and may require multiple study sites to recruit sufficient participants into the trials. This would be the case for vaccines that seek to add to the first-generation vaccine without increasing its efficacy, such as a combination vaccine including activity against an additional lifecycle stage or activity against P. vivax. The current phase III trial of RTS,S has 15,460 participants and large prophylactic antimalarial equivalence trials, with extended follow-up to determine incidence risk of malaria, in 1,600 participants have been performed [23] , indicating that large clinical trials of malaria vaccines are possible in malaria-endemic regions. However, there will be a limit to how many of these trials can be performed. It may also be difficult to find a sufficiently large population of individuals willing to forgo receiving a vaccine believed to be beneficial for the duration of the trial. Significant community engagement and appropriate scientific communication will be instrumental for the development, evaluation, and possible deployment of a second-generation malaria vaccine.
While hurdles in sample size may be overcome, the malaria community must also come together to define methodology to ensure the feasibility of second-generation vaccine trials, particularly vaccines that target different lifecycle stages. For pre-erythrocytic vaccines, such as RTS,S, there is a broad consensus on clinical definitions and endpoints and the analytical methodology for measuring the reduction in morbidity [27] , but there is no such consensus for blood-stage vaccines or trial designs to determine the reduction of infectivity of humans for mosquitoes (for transmission blocking vaccines) [8] or trial methodology for a P. vivax vaccine. It is essential that comparison trials consider the differences in clinical endpoints as well as the duration and mode of protection because this may also influence decisions on whether vaccines are tested in combination or as standalone vaccines, which will impact on the aforementioned design and size of the vaccine trial. Calculations of RTS,S VE have waned with time [28] and been shown to differ if different assumptions of the mode of protection are made. RTS,S is assumed to be a 'leaky' vaccine (which offers partial protection by reducing the risk of infection from each exposure) [29] as demonstrated by convergence of survival curves of placebo and RTS,S groups. The preliminary phase III trial data showed that VE of RTS,S was 56% when calculated using time-to-event methodology (1 minus the hazard rate ratio) suitable for this mode of protection, but RTS,S VE was reduced to 36% when assumed to provide 'all or nothing' protection (that is, calculated as 1 minus the risk ratio) [30] . While additional factors may contribute to differences in VE estimates, such as transmission heterogeneity and waning efficacy over time, it is clear that a consensus must be reached for defining clinical endpoints and methodology so that the VE of different malaria vaccines can be compared both within and across trials.
Implementing a second-generation vaccine into public health practice
Once methodological issues are overcome, and a secondgeneration vaccine is shown to be favorable to the firstgeneration vaccine, the results may still fail to clarify to policy makers whether new malaria vaccines are sufficiently effective to justify inclusion in public health vaccination campaigns [31] . For example several vaccines towards Haemophilus influenza type b (Hib), cholera and typhoid fever were shown to be safer and at least protective as the traditional active control vaccine, but were met with uncertainty or ambivalence in discussions about their implementation in public health programs in low-income and middle-income countries [31] . The reasons for which are many, but it is imperative that protective malaria vaccines, whether second or first generation, are not hindered by this process and are made available to those who need it at the earliest opportunity.
Summary
This opinion piece highlights important issues that need to be considered in developing and testing secondgeneration malaria vaccines in the future. Selecting which new malaria vaccines go forward, and defining appropriate methodology for assessment in clinical trials, is crucial. Analyses suggest that clinical trials of new malaria vaccines that have greater efficacy than partially effective malaria vaccines require modest sample sizes and are highly feasible. However, testing vaccines of similar efficacy in non-inferiority or equivalence trials would be logistically more challenging and require substantial human and financial resources. Furthermore, it is important that we identify immunological correlates of malaria to enable the assessment of new malaria vaccines through immunological assays, thereby aiding vaccine development, and determine methodology for examining new malaria vaccines containing different lifecycle stages or Plasmodium spp. Poorly designed trials of second-generation vaccines may mean that clinically beneficial vaccines are rejected or inferior malaria vaccines are adopted. It is critical that the malaria community keep moving forward and overcome these obstacles to ensure the feasibility of the development, and licensure, of second-generation malaria vaccines. This will ensure that the most practical efficacious vaccine can be implemented into public health practice to reduce, and potentially eliminate, the burden of disease and death caused by malaria.
